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A bstr a ct
The indic atric es ofthe lea ves of variou s w o ody plant spe cies a rem ea s ured by u se of a
goniophoto meter･ Mim aert co n sta nts calculated 血o m these indicatrice sa re u sed for their
qtlantitativ e evalu atio D･ Fr om the restlts of the m e as u r e ment
,
w e ha ve fo u nd that the
chara cteristics of lights c attedngfro m s o me ofthele av esfollo w h mbertianlaw andthat tho se .f
the othersdo n't･ Itisdis c ussed whythelightscatteringfr o mle av e sdoes not obeyLA mbertian
law.
Key w ords; Leaf, h dicatrix, Mim a ertcon stant
1. Intr oduction
To es血 8tC the eDVir o -antofthe ea rthls surfa c e, mitispe ctralrem ote sen s ingte Clmologyhas
be enlargelydev eloped hre c entyea rs･ m er eha v ebe en many repo rts on dieident脆c atio n and the
detection ofstress of vegetadve c an opie s･ h the m ultispecbalr e m ote s e n singforthe v egetated
are a, the fundam entalandimportantdata onthe cor relation betw e en the incide ntught andtheleaf
ca nopies a m acquir ed･ Suits(1972)calculated the direcdo nalreAectan ce ofa vegeta 触 c a n opy.
Eis m odelis an extension ofthe ca n opym odel of jule n, Gayle and Richards on(1970)which, h
tu m
･
is al exte nsio n of Duntley(1942)equ ationsthat ar e,htu rn, exten sion ofthe Kubelka_ M u nk
equatio n s(1948,1 954).
h a study o nHBht sca伽 血g fro mle af layer s, the individual1ea v es are廿e ated as perfect
h mbertiandiffus er･ Butthere ale vario u spe cies of lea v es血 n ature･ T houghVelhoef(19 84)has
dis cussedthat
l
theleafo n which the ughts ca統ersis aperfe ctI瓜 nbertian diffuser, does the hght
s catteringfrom allofthele a v esfollow i - be止ianla w ? Tbs olv e th isqu estion w estudied the
in dicatric es of le a v esin various spe cies･ TTable1 is alist ofthe studied w o odyplantsin scien血 c
n a m es and in 1o caln am es as w ellas･in Jap an ese n a me sbeca use they w ere c ole cted inJapan ･ h
the textthey are referedtobylo caln am e swhicha=cm o;e c om mo nlyu sed. Bre ece, H. T. ⅠⅠIand
Holmes
, R･ A･ (1971)has repo rtcd the bidiredionalsc attering cha racteristic s of he althy gr e en
s oybe an and coz71le a v es and ¶10 m aSWI Br akke(1989, 1993)has reportedthe no n- b mbe 血
characteristics as to the reflection o nthelea ves a c cordingto sea s ons and bidire ctionalrene cdo n
char a cteristics･ But w e repo rtnon -Lamberdan characterisdcs of v ario usle a ve sby using M in na ert
c onsta nts(M ･ Mbn aert, 1941).
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2. Indic atrix
We used agoniophoto m ete rshow nin Fig･ 1to m e a s ure theindica血=es･ Theh aloge nla mplS
u sed as an opticalso u rc eofthegoniophoto meter･ T helightfrom the opdcals o urceis c ollimated by
a c ol imatorle n s, and enters o nthele afsample･ ¶lelight丘o m the sa mpleis c olle cted byalens,
and it re aches a photom ultiplier thr o ugha Blter･ The sign als &o m the photo 皿ultiplier a re
c onv erted inan A4)c on v erto r, and ar epr o c e s sed by a pers onalc o mputer. T he opdcal flu x1.5 c m
indiamete r e nter stheleafs arnple･ The mea s urem e nt w astaken atea ch 5
o
ofthe s c atteringazlgle.
The in dicatriⅩis agr aphof the angula rdistribution repre se ntingtheintensityof the sc attered light
&o m the surface ofan ob)
'
ecto nthepola rc o ordin ate･ Then anindic atrix sho w sh which angula r
directioh a nd in whatqu antitytheughtfro m the su rfa c eis s cattered. Mim a ert c o n staltS ar e used
forqu arltitative estim atio n of theindicatrices. Letthedetectingangle and the incidenta ngle be c
and i, respectiv ely･ Dete ctedradian ce L is
L(A, e) - Ln(A)I cos
k(A)i ･ c o s
h(A)-le , (1)
where k is Min na ed consta ntlO･ Wh en i≡ e = O
o
, L
n(I)is an effe cdv evedicalresponse･
h equ ation(1), when e = O
o
,
L(A) - Ln(A)･ co s
k(A)i ･ (2)
The valu eof kis estlmated byregression analysisfr o m(2)･ Equ z(tion(2)is 耶itte na sfolo w s;
LogL(A) - LogLn(A)＋ k(A)Logc o siI ＼ (3)
Her ebyletting
Y - LogL(A), (4)
x - Log co si,
(5)
and
･ b - LogLn(A), (6)
we obtain
y = k(A)･ X ＋b . (
7)
If k= 1･0,(2)bec om es a La mbertiaJl equation. Theindicatrices obtain ed whe n k = 0.7 , 1.0 a nd
2･O are sho wn in･ Fig1 2･ If kI 1･ 0 the in dic atrixbe com es sphericJ and whe nitis s malle rtha n
I一o
, the in dic atriB: SW ells outw a rd, while whenitisla rge rthan1.0, 血 indicatrixbe c om es slender.
The equation (2)is obtained whe n eis as s um edto be O
c
h equ atio n (1), but inthe
eEPerim e nt, thelightv ertically ente rs o nthe sample and the data ac eobtainedn ot when e - O
o
,
b也t by v arying the dete cting angle. How ev erif w e ass um e the r ecipr ocity law
ll
of 也e
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s cattering, thedetectiDg angle is c onsideredlobe O
o
whe n the in cident angleis O
o
･ h this
m e as u re m c nts, theillumination spotsize is about 4 cm , a nd the apertur e ofadetecto ris
2c m. A pa rauelbea misincident on the s a mple･ The dete ctoris set to
dete ctthelightfro m an
h 丘nite dista n ce. T herefore it w o uld
coIIStantS.
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3. Experim e nts
Se v eralexperiments have be en･do ne by use of
s cienti丘c nam es and lo c alll a m e S a S Wella sJapan ese
to repr e sed
O
●
1.O
indimtrice s u sing Mi皿 aert
3 0
■
ク/
＼
60●
･ - - - k = 0.7
- i ≡ ilo(I] tr11berlian)
- -
- - k = 2.0
90
一
0 0.5 .1.0
R E u TJ V E R ÅDI AN T I N T E N SIT Y
F)
'
g･ 21 h dicatric csobtain edby c alculatio n whenthe
M im a ertco n stant k are0.7, 1.0, a nd2.0.
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n a m es of thele a v es u sed in the experim erLt
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not Bta sis sho wn in Fig･ 3･ Eo we v er〉 they 丘t w ellwhen the s cattering angle islarger tha n
50
o
I T he c o 汀elation co efficie nts and the experh entalresults ar e sho wn h Table2. T he nu mber
of 血es of m eas ure m e ntsis16･ The m e asu r em entpointsBt也c cos
ko c urv e whe n the co rrelatio n
c oefBcient R
2
is ne a rO･9 8〉 but not whenitis near O･89･ An indicatrxis obtained byc onnecting
me as u re m eⅡtpoints･ Min n a ertc o n stants areobtain ed 缶o mtheseindicatrices･ h Figs･ 4 and 5, the
ctlrV eSCalled indicatrices am dra wnby co n nectingthe171e aSureme ntpoints. We obtained M in naert
cbn stant k from the se c u rv es･ Nin es amples of them with appropriate dispersio n were selected
and plotted on Figs･ 4 and 5･ Tbe indicat血 sho ws the diffuse c o mpo nents of rcflectan ce･
M bn a ert c o n stant･do e snotrepresent thetotalrenectance ofale af〉but repr esentsthe degree of the
reflectan ceinte nsityin angulardirections･ Fig･ 4 sho ws the indicatrices of Pin e, Him alaya
ceder) a nd Sabina Endljche rgiving Min n a e rt co nstants s maller than unity, which a re mor e
sw elling than the 血 1ber[ian curv e･ The char a cteristics ofthe 血st gr oupincludhg Pin e)
H王m alaya cedar and Sabin aEndlicher are thattheyha v e am as s ofn e edlele aves. Thus the
山ghtis s c atteredin v ariousdirectio n s a ndprobablybythatre as o nM inn a ert c on stants are sm aller
thanl･0･ Fig･ 5 sho w sthe indic atrices gl Vlng M血旭 ert C OnStantS largerthan u nity･ The
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Fig･ 4 ･ Indic atric es ofn eedlele av e s ofWo odyplants･
photograph ofa le afofthis cla ssificatio nis sho w ninFig. 6(a), whichis Him alaya c edar(良
≡ 0･77) and c onsists ofs mallc o n structio n units. h the sec o nd gr otlPthelea ves of M im a ert
co n stants l･05tol･09sho w nin Fig. 6(b)hav e asurfac e co v e red with do w nyhair, and forthat
re as on
,
the light m ay be scattered umi for mly. This photogr aph w a s magnified tw enty tin es.
Differ ent 丘o m the others G inkgo (rnai deJlhair)le avesha v e nodo wnyh airbut 血 etucks ov er
也e surfa c e andthe refore their M i皿 a ert C O nStaJltis as sm allas l･07･ n e third group with
Min a er(c onsta nts ofl･1 0- ll?8 asis sho wn hFig･ 6(c)iTICludethele av es witha r oughs urfa ce
withoutdo w nyh air and n ot veryglassy. T helea ve sin thefol r(hgroup(Fig. 6(d))c arry the
specular n atu re and Mirma ertc o n stants arelargerthan tho seinthe othergr o ups.
Ne xt w e m e a s u redtheindic atric es whe nthe incide nt angleis 45 degr e esto the s urfa c e ofthe
le af. Experin e ntalrestlts a reshow n in Figs. 7. Fig. 7 w as replacedby a new o ne whichshows
M 血1a ert C OnStantS Of PlatanOi=1.05), Cle rry(k=1.12), Ho rnbe am(k=1.2 7)a nd Co ral(k=1.57)
asreprese ntativ ele a v esh cla s sificatio n ofTable2. h thele a v es with M 血n a ertc o n sta nts of 1.05,
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for example PIata n(syca more), theindicatrices prese ntne ar -spher icalshapes, notdepending
o nthe incideTltangle･ ¶1eindicatrices of Co r aIwith M inna ertc o n stants ofov er1,57.sho w nin
TTable2 ha v ethe m a血 u m inthe 90
o
dir ection beca use the incide ntangleis45
o
as is sho wn
inFig1 71
The e xperim e ntalresultsim m ediately afterc ollectio n oftheleaves arc sho wn h Table2,but the
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Fig･ 71 h dic atric es ofle a v e s, wherlthein cident angleis
45degre esto thc su rfac e of thele af.
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Fjg･ 81 h djcatric es ofle aves obtain ed by m eas ur mg agaln
aAer10daysinthelaboratory･
results whichar e sho wn in Table3 w e re obtained by m easuringthe in dicatrices againa#er10 days
hthelaboratory･ T be 血dic atriccs ofthe m atur ele av es am m e asu red onthedayofc ollection and
10 days a触r c ollection andthe co mpariso nis show nh Fig. 8. Theleafof Co ral whith had
show n the spe c ular r eAection(1.57)h Fig. 7 didn ot show the spec ular mflectionふ aRc ト 10-
days e xperim ents(1･07)･ Assho w n血 Tablc3, M lma ertco n stantsbe came smaller aftertendays.
Thisis beca use theleafstzrfaccs gotr ougher by e vaporation ofthe m oistu reduring the 10 days.
Nam ely M in a ert c o n stant of theleaf sho wing k llbertian reAectio ni岳 n ear1.0 and does n ot
change e v en whenthe incide nta ngle changes丘o mO
o
lo45
o
.
Thble3･ Minn aertco n stants ofle av es obtain ed by
m e asuringtheindicatric cs agin a丘er10 dayill
thelaboratory.
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4. Co n clll Sion
In ge n e ral, when the rene ctio nchara cteristics &o m thele a v es of w o ody plalltS aredis cussed
,
it
is ass umed 丘o mthe simplicity ofcalc ulatio nthat the rene ction 丘o mle aves obeys u mber(i且nla w.
Ho wever w e 皿 ade a n ej(perim ent to obtainthe in dicatrices ofhghts c atterillg h m leav es ofle al
w o ody･plants･ As the results 加 m va rious kinds of le a v e s, w e ha v efound that the s cattc血g
characteristics ofs om e of them do n ot obey La mbertianlaw . Theindicatrix show sthe diffu se
c o mpon e nts ofr enectance･ M 血a ert c onsta ntdoes n otrepr esent thetotalreflectanc eof aleaf, but
represents the degre e ofthe reflectan ceirltenSity inangula rdire ctio n s. We m ade estim atio n of
le a v es by u sing M ina ert c o n stants calculated 丘om the indic atrices of le a v es, and found that
differenc es in the co nstr uctio n oftheleavesga v ediffer entindicatrices.
Ee r e w ehav e m ade m eastLr e m entS On e achpiec e of le af horderto know the chara cteristic s of
respecdv especies, but m anyle av es c onstru ctalay9r and m a nylayers,intu m , c o mpose aCa nopy,
allddiffe re ntresults maybe obtained when mea su r ed o n s u ch a scale outdoo rs.
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